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Drosophila melanogaster females respond to male
courtship by either rejecting the male or allowing
copulation. The neural mechanisms underlying these
female behaviors likely involve the integration of sen-
sory information in the brain. Because doublesex
(dsx) controls other aspects of female differentiation,
we asked whether dsx-expressing neurons mediate
virgin female receptivity to courting males. Using
intersectional techniques to manipulate the activities
of defined subsets of dsx-expressing neurons, we
found that activation of neurons in either the pCd or
pC1 clusters promotes receptivity, while silencing
these neurons makes females unreceptive. Further-
more, pCd and pC1 neurons physiologically respond
to themale-specific pheromone cis-vaccenyl acetate
(cVA), while pC1 neurons also respond tomale court-
ship song. The pCd and pC1 neurons expressing dsx
in females do not express transcripts from the fruit-
less (fru) P1 promoter. Thus, virgin female receptivity
is controlled at least in part by neurons that are
distinct from those governing male courtship.
INTRODUCTION
A long-standing goal of neuroscience is to elucidate how
neuronal circuitries produce complex behaviors. Innate behav-
iors in Drosophila melanogaster provide powerful systems to
approach this broad question because of the ability to label,
manipulate, and record neuronal activity of genetically defined
populations of neurons (Baker et al., 2001; Luo et al., 2008; Ven-
ken et al., 2011). Innate sexual behaviors inDrosophila are partic-
ularly amenable to such an approach, as they are controlled by
a single sex determination regulatory hierarchy that specifies
nearly all aspects of somatic sexual differentiation, including
the potential for sexual behaviors (Dickson, 2008; Manoli et al.,
2006, 2013; Mellert et al., 2012; Pavlou and Goodwin, 2013;
Siwicki and Kravitz, 2009; Yamamoto, 2007; Yamamoto and
Koganezawa, 2013). The terminal genes in this hierarchy, dou-
blesex (dsx) and fruitless (fru), produce sex-specific transcription
factors in temporally and spatially finely regulated patterns.
Behavioral, genetic, and neuroanatomical studies suggest
that the 2,000 neurons in which the male-specific fru proteins(FruM) are expressed comprise neural circuitries dedicated to
male sexual behaviors (Dickson, 2008; Manoli et al., 2013; Pav-
lou and Goodwin, 2013; Yamamoto and Koganezawa, 2013).
FruM protein expression in these neurons is necessary and suffi-
cient for most aspects of male courtship (Billeter et al., 2006;
Demir and Dickson, 2005; Gill, 1963; Hall, 1978; Manoli et al.,
2005; Stockinger et al., 2005).
In contrast, the role of dsx in male courtship appears to be
more nuanced. The male-specific dsx protein (DsxM) is ex-
pressed in small groups of neurons (total 900), and many of
these neurons coexpress FruM proteins (Kimura et al., 2008;
Lee et al., 2002; Rideout et al., 2007, 2010; Robinett et al.,
2010; Sanders and Arbeitman, 2008). In males, broad thermoge-
netic activation of neurons expressing either the fru P1 promoter
or dsx induces male courtship behavior, whereas silencing these
neurons prevents courtship (Kohatsu et al., 2011; Manoli et al.,
2005; Pan et al., 2011; Rideout et al., 2010; Stockinger et al.,
2005), indicating that the neurons in which dsx is expressed
are important for the execution of male courtship behaviors. In
contrast, dsx gene function plays a limited role in specifying
male courtship behavior. Thus, dsx-null mutant males that are
otherwise wild-type are able to execute most individual steps
of courtship, although their courtship intensity is significantly
diminished, and their courtship song is defective (Rideout
et al., 2007; Shirangi et al., 2006; Villella and Hall, 1996). How-
ever, in the absence of FruM function, DsxM is necessary and suf-
ficient for the experience-dependent acquisition of the potential
for male courtship (Pan and Baker, 2014).
The situation with respect to female sexual behaviors is less
well understood. Females display either premating or post-
mating sexual behaviors, depending on their mating status.
Postmating female behaviors include reduced receptivity to
courting males and increased egg laying (Greenspan and Fer-
veur, 2000; Kubli, 2003; Wolfner, 1997). In females, the fru P1
promoter and dsx are expressed in neurons that control at least
some aspects of these female sexual behaviors (Kvitsiani and
Dickson, 2006; Rideout et al., 2010). In particular, many post-
mating behaviors are controlled by sex peptide-responsive neu-
rons of the female reproductive tract that express pickpocket
(ppk), fru, and dsx, while additional dsx-expressing neurons in
the abdominal ganglion (Abg) may convey information from the
reproductive tract to the brain (Ha¨semeyer et al., 2009; Reza´val
et al., 2012; Yang et al., 2009).
In premating female behavior, a virgin female may, in response
to male courtship, stop moving and open her vaginal plates to
allow copulation if she is receptive, or she may reject the male
(Ferveur, 2010; Greenspan and Ferveur, 2000; Hall, 1994). TheNeuron 83, 149–163, July 2, 2014 ª2014 Elsevier Inc. 149
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have not been identified. Given that courted virgin females
must integrate male stimuli, such as courtship song and phero-
mones (Bennet-Clark and Ewing, 1967; Dickson, 2008; Kurtovic
et al., 2007; Schilcher, 1976a, 1976b), neurons in the central brain
are of great interest, because the brain is the anticipated site for
higher-order processing centers thatwould integrate such stimuli
and result in either copulation or rejection of the male.
Here we show that virgin female receptivity to courting males
is regulated by two groups of dsx neurons in the central brain,
each of which is distinct from the circuitry in which the fru P1 pro-
moter is expressed. We first identified enhancer-containing frag-
ments from the noncoding sequences of the dsx locus that are
active in various subsets of dsx-expressing neurons in the cen-
tral nervous system (CNS). These fragments were then used to
target the expression of neural activity effectors to these neu-
rons, and the effects of these manipulations on female recep-
tivity were assayed. We found that activation of neurons in the
dsx neuronal cluster pCd (also referred to as pC3; Rideout
et al., 2010) promoted female receptivity, while silencing them
reduced receptivity. Furthermore, genetic intersectional manipu-
lations of dsx neuronal cluster pC1 suggested that these neurons
are also important for female receptivity. Calcium imaging re-
vealed that pCd and pC1 neurons respond to the male-specific
pheromone cis-vaccenyl acetate (cVA), while pC1 neurons also
respond to male courtship song. While subpopulations of pCd
and pC1 neurons coexpress FruM in males, we found that the
pCd and pC1 neurons in females do not express the fru P1 pro-
moter. Therefore, our results reveal that female receptivity is
regulated by two subsets of dsx neurons located in the central
brain, both of which are responsive to courtship-relevant stimuli.
RESULTS
Subdivision of Neural Circuitry by Enhancer Fragments
from the dsx Locus
The dsx gene is expressed in complex temporal and spatial pat-
terns during the development of the nervous system and many
other somatic tissues (Lee et al., 2002; Mellert et al., 2012; Ride-
out et al., 2010; Robinett et al., 2010; Sanders and Arbeitman,
2008). The pattern of dsx expression in the adult brain is strikingly
sexually dimorphic, with females having substantially fewer dsx-Figure 1. Genetic Subdivision of dsx Neurons by dsx Enhancer Fragme
(A) Schematic illustration of 14 overlapping genomic fragments that cover the non
50 UTR, while others lie in the introns. Male exon structure depicted. Black boxes in
marks translational start site.
(B–O) Expression patterns of dsx fragment-GAL4s that overlap with subsets of ds
identified by staining with anti-Dsx (magenta), and expression of the dsx fragmen
Dsx and GFP is shown as white in the merge images. Projections of confocal im
(B and C) 40A05-GAL4 is expressed in pC1 in the male brain ([B1]–[B3]) but not t
(D and E) 40F04-GAL4 is expressed in a subset of pC2 neurons in the female br
(F and G) 42B01-GAL4 is expressed in the majority of pC2 neurons in the female
(H) 42D04-GAL4 is expressed in a subset of male-specific TN1 neurons.
(I and J) 41A01-GAL4 is expressed in the pCd cluster in both male ([I1]–[I3]) and
(K) 41A01-GAL4 is expressed in a subset of male-specific TN1 neurons.
(L and M) 41D01-GAL4 is expressed in a subset of dsx neurons in the abdomina
(N and O) 42G02-GAL4 is expressed in a subset of dsx neurons in the abdomina
(P) Diagram of the dsx fragment-GAL4 expression patterns as they overlap withexpressing neurons than do males (Lee et al., 2002; Rideout
et al., 2010; Robinett et al., 2010; Sanders and Arbeitman,
2008). Here our primary focus is to exploit genetic tools that allow
us to visualize andmanipulate subsets ofdsx neurons in theCNS,
with the goal of furthering our understanding of the roles of indi-
vidual groups of dsx neurons in female sexual behaviors. Toward
this end we screened a set of DNA fragments spanning most of
thenoncoding sequences from thedsx locus for enhancer activity
(Figure 1A). When linked to a basal promoter upstream of GAL4,
many of these 3 kb fragments drove GFP reporter expression
in various tissues, and some of these patterns overlapped with
the previously defined patterns of dsxGAL4 expression (Table S1
available online) (Pfeiffer et al., 2008; Robinett et al., 2010).
To determine whether expression of these dsx fragment-
GAL4s occurred in CNS neurons that also express dsx, we
used these dsx fragment-GAL4s to drive expression of UAS-
Stinger (nuclear GFP) and then stained brains and ventral nerve
cords (VNCs) with an antibody against Dsx (Mellert et al., 2012).
We first established that anti-Dsx colabels nearly all of the
neuronal clusters labeled by dsxGAL4 (Figure S1; Table S2). In
the brains of males, there are three discrete clusters of neurons
that express dsx (pCd, pC1, and pC2), as well as a small number
of individual neurons (aDn, pMN1, pMN2, pLN, SN, and SLG). In
the male VNC, dsx is expressed in the TN1 cluster, multiple TN2
neurons, and a large population of neurons in the Abg (Lee et al.,
2002; Rideout et al., 2010; Robinett et al., 2010; Sanders and
Arbeitman, 2008). Female brains have significantly fewer dsx
neurons, and the pCd, pC1, and pC2 clusters are smaller. In
the female VNC, dsx neurons are consistently observed only
in the Abg. Antibody colabeling revealed that seven of the dsx
fragment-GAL4s drive expression in dsx neuronal clusters in
the male CNS, whereas five dsx fragment-GAL4s drive expres-
sion in dsx neuronal clusters in the female CNS (Figures 1B–
1O, S2, and S3; Table S2; summarized in Figure 1P). Given
that dsx expression is sexually dimorphic in the nervous system
(Lee et al., 2002; Rideout et al., 2010; Robinett et al., 2010;
Sanders and Arbeitman, 2008), it is not surprising that some
dsx fragment-GAL4s direct male-specific expression patterns
in the CNS (Figures 1B, 1C, 1H, and 1K). Conversely, half of
the pC2 neurons were labeled by overlapping fragments
40F04-GAL4 and 42B01-GAL4 in females but not in males (Fig-
ures 1E and 1G). Similarly, overlapping fragments 42D04-GAL4nts
coding region of the dsx locus. Two fragments target the region upstream of the
dicate coding exons while white boxes indicate 50 and 30 UTRs. Arrow in exon 2
x neurons in the CNS. The pC1, pC2, pCd, TN1, and Abg neuron clusters were
t-GAL4s driving UAS-Stinger (nuclear GFP, in green) was assessed. Overlap of
ages of posterior brain are shown. Scale bars, 10 mm.
he female brain ([C1]–[C3]).
ain ([E1]–[E3]) but in fewer neurons in the male brain ([D1]–[D3]).
brain (G1-G3) but in fewer neurons in the male brain ([F1]–[F3]).
female brains ([J1]–[J3]).
l ganglion of males ([L1]–[L3]) and females ([M1]–[M3]) VNCs.
l ganglion of males ([N1]–[N3]) and females ([O1]–[O3]) VNCs.
subsets of dsx neurons within the female and male CNS.
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Figure 2. dsx Neurons and 41A01-GAL4
Neurons Are Important for Female Recep-
tivity
Individual females of the indicated genotypes
were paired with a wild-type male, and the cumu-
lative percentage of females that copulated over a
30 min time course is shown.
(A–C) dsxGAL4 driving UAS-dTrpA1 increases fe-
male receptivity (i.e., more rapid copulation) at
27C relative to 22C (A), while the copulation
percentages of controls with either UAS-dTrpA1
alone (B) or dsxGAL4 alone (C) did not show signif-
icant differences between 22C and 27C. For
dsxGAL4/UAS-dTrpA1, n = 73 (27C), 85 (22C); for
UAS-dTrpA1/+, n = 60 (27C), 82 (22C); for
dsxGAL4/+, n = 108 (27C), 108 (22C). *p < 0.01
(chi-square test) compared at 10 min time point.
(D and E) 41A01-GAL4 driving UAS-dTrpA1 in-
creases female receptivity at 27C relative to 22C
(D). The copulation percentages of the control with
41A01-GAL4 alone did not show significant dif-
ferences between 22C and 27C (E). n = 59 to 60
for each group. *p < 0.01 at 10 min time point (chi-
square test).
(F and G) 41A01-GAL4 driving UAS-shits de-
creases female receptivity at 30C relative to 22C
(F). UAS-shits alone had similar percentage of
copulation at both temperatures (G). For 41A01-
GAL4/UAS-shits, n = 119 (30C), 95 (22C); for
UAS-shits/+, n = 107 (30C), n = 115 (22C). *p <
0.01 (chi-square test) compared at 10 min time
point.
(H) 41A01-GAL4 driving UAS-TNT decreases fe-
male receptivity relative to 41A01-GAL4 or UAS-
TNT alone. For 41A01-GAL4/UAS-TNT, n = 72; for
41A01-GAL4/+, n = 119; for UAS-TNT, n = 71. *p <
0.01 when 41A01-GAL4/UAS-TNT was compared
to both control groups at 10 min time point (chi-
square test).
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in the VNC (Figures 1H and 1K), although 41A01-GAL4 addition-
ally labeled a number of pCd neurons in both sexes (Figures 1I
and 1J). Thus, we have identified dsx fragment-GAL4s that are
expressed in several of the dsx neuronal clusters in the CNS.
We also examined which neurotransmitters dsx neurons are
likely to release. Most of the dsx neuronal clusters do not pro-
duce g-aminobutyric acid (GABA) (Figures S3A–S3G and S3I),
with the exception of a few neurons in themale Abg (Figure S3H).
In contrast, detection of choline acetyltransferase revealed that
cholinergic neurons are present in almost all of the major dsx-ex-
pressing clusters (Figures S3J–S3R). These results suggest that
most dsx neurons in the CNS of both sexes are excitatory.
Activation of dsxGAL4 Neurons Enhances Female
Receptivity
Inactivation of all dsx neurons has been previously reported to
severely reduce female receptivity and egg laying (Rideout
et al., 2010). Thus, the activities of some dsx neurons are
required for female sexual behavior. We therefore askedwhether
activation of all dsx neurons could promote female receptivity (as
measured by the time elapsed from when a male and a female
are introduced into a mating chamber until initiation of copula-152 Neuron 83, 149–163, July 2, 2014 ª2014 Elsevier Inc.tion; for details see Supplemental Experimental Procedures).
Wemanipulated the neurons expressing dsx by using dsxGAL4(D2)
(hereafter referred to as dsxGAL4) (Pan et al., 2011) to drive
expression of UAS-dTrpA1, which encodes a temperature-sen-
sitive ion channel that enhances neuronal activity at 27C (Ham-
ada et al., 2008). Females in which dsxGAL4 drove UAS-dTrpA1
expression initiated copulation with wild-type males more
quickly at 27C than they did at 22C (Figure 2A; Table S3). In
contrast, the receptivity of control females with wild-type males
was not different between these temperatures (Figures 2B and
2C). Our finding that dsxGAL4-driven neuronal activation pro-
motes female receptivity, when coupledwith the previous finding
that inactivating dsxGAL4 neurons suppresses female receptivity
(Rideout et al., 2010), strongly indicates that the activity of at
least a subset of dsx neurons is necessary and sufficient for
normal levels of female receptivity.
Identifying dsx Fragment-GAL4s that Modulate Female
Receptivity
Several of the dsx fragment-GAL4s were expressed in dsx neu-
rons in the female CNS, and each of these was also expressed in
non-dsx neurons. As a first step toward identifying subsets of
dsx neurons that control female receptivity, we asked whether
Neuron
doublesex Neurons Regulate Female Receptivitymanipulation of any of the neurons that express the dsx frag-
ment-GAL4s was sufficient to modulate this behavior.
A subset of the pCd neurons expresses 41A01-GAL4 (Figures
1I–J and S2; Table S2). When 41A01-GAL4 drove UAS-dTrpA1,
females showed enhanced receptivity at 27C (Figures 2D and
2E; Table S3), similar to the effects produced by the activation
of all dsx neurons (Figures 2A–2C). To ask whether activities of
the 41A01-GAL4-labeled neurons are required for female recep-
tivity, we used UAS-shibirets (shits), which expresses a tempera-
ture-sensitive dynamin mutant that reversibly silences synaptic
transmission (Kitamoto, 2002). At the restrictive temperature
(30C), silencing the 41A01-GAL4 expressing neurons greatly
reduced the receptivity of females when compared to females
of the samegenotype at the permissive temperature of 22C (Fig-
ure 2F; Table S3), while changing temperature did not affect the
receptivity of females havingUAS-shits alone (Figure 2G). Consis-
tent with this finding, 41A01-GAL4-driven expression of tetanus
neurotoxin light chain (TNT), which blocks synaptic vesicle
release (Sweeney et al., 1995), also decreases female receptivity
relative tocontrolscarryingonlyoneof the transgenes (Figure2H).
These results are consistent with the possibility that activity of
41A01-GAL4 neurons positively modulates female receptivity.
40F04-GAL4 and 42B01-GAL4 are expressed in subsets of
the pC2 neurons (Figures 1D and 1E and Figures 1F and 1G,
respectively; Table S2; Figure S2). When either 42B01-GAL4 or
40F04-GAL4 drove UAS-dTrpA1 expression, there was no dif-
ference in female receptivity between 27C and 22C (Figure S4).
These findings suggest that the subsets of pC2 neurons in
which these drivers are expressed may not have a role in female
receptivity. However, while there are 11 pC2 neurons in wild-
type females, only six to seven of them are labeled by either
40F04-GAL4 or 42B01-GAL4 (Table S2). Thus, it is possible
that neurons in the pC2 cluster function in female receptivity,
but in these lines there was insufficient activation of pC2 neurons
to produce a phenotype.
When either 41D01-GAL4 or 42G02-GAL4 droveUAS-dTrpA1
expression at 27C, females showed a large decrease in the per-
centage of copulation (Figure S4). 41D01-GAL4 is expressed in a
subset of dsx neurons in the Abg and in non-dsx neurons in the
brain and VNC, whereas 42G02-GAL4 is expressed in both dsx
and non-dsx neurons in the Abg (Figures 1 and S2; Table S2).
Although our current data do not determine whether these
phenotypic effects are due specifically to manipulation of dsx
neurons, of which there are several hundred in the female Abg
(Table S2) (Lee et al., 2002; Rideout et al., 2010), they imply
that activation of certain neurons in the Abg inhibits female
receptivity. These results are consistent with the findings of
Reza´val et al. (2012).
The Effects of 41A01-GAL4 Are Through Its Expression
in pCd dsx Neurons
41A01-GAL4 labels a subset of pCd dsx neurons in both male
and female brains (Figures 1I and 1J) as well as a few non-dsx
neurons in the brain and VNC (Figures S2 and S3). The cell
bodies of the pCd neurons are located in the posterior dorsal
brain, and their neurites ramify in the superior-medial protocere-
brum (SMP). An additional long neurite bundle extends medio-
ventrally to innervate the dorsal region of the subesophagealganglion (SOG) (Figure 3A; Movie S1). Using multicolor flip-out
analysis to stochastically label individual pCd neurons in the
female brain (A. Nern, personal communication), we observed
neurites of a single pCd neuron ramifying in the SMP and also
projecting contralaterally to the SOG (Figure 3D), indicating
that individual neurons in this cluster may communicate between
these two regions.
To enable specific labeling and manipulation of pCd neurons
within the 41A01-GAL4 expression pattern, we pursued an inter-
sectional approach using the GAL4/UAS and LexA/LexAop bi-
nary systems that would allow us to genetically manipulate
only those dsxGAL4 neurons in which the 41A01 fragment is
able to drive expression. To generate a GAL4-independent
driver, the 41A01 fragment was cloned upstream of a basal pro-
moter driving a LexA::p65 cassette. 41A01-LexA largely repro-
duces the expression pattern of 41A01-GAL4, in particular by
labeling a cluster of dorsal posterior neurons sharing similar
projection patterns with the pCd neuronal cluster (Figure 3B).
In 41A01-LexA/UAS > stop > myr::GFP; dsxGAL4/LexAop2-FLP
flies, GFP expression is enabled only in neurons that express
both 41A01-LexA and dsxGAL4, as the FRT-flanked stop cassette
upstream of the myr::GFP coding sequence is removed in neu-
rons that express FLP recombinase. Intersection of 41A01-
LexA and dsxGAL4 labels the pCd cluster (4.2 ± 0.3, n = 14) in
the central brain of females while eliminating most extraneous
expression in the optic lobe and VNC (Figure 3C), although
adding expression in peripheral nerves that innervate the SOG.
This intersectional tool enables more specific manipulation of
most of the pCd neurons.
To ask whether inactivation of pCd neurons affects female
receptivity, we expressed either TNT or an inactive mutant of
TNT (TNTin) in intersectional pCd neurons defined by 41A01-
LexA and dsxGAL4. Inactivating these neurons with TNT caused
a reduction in copulation in females when compared to females
either without TNT expression or expressing TNTin, suggesting
that pCd neurons are required for female receptivity (Figure 3E).
Furthermore, when dTrpA1 was expressed under the intersec-
tional control of 41A01-LexA and dsxGAL4 to conditionally acti-
vate the intersected pCd neurons, females copulated more
quickly at 27C than at 22C (Figure 3F; Table S3). This shift in
receptivity was not observed between the two temperatures in
the control lacking 41A01-LexA (Figure 3G). We note that male
behavior does not appear to be the source of the differences in
copulation percentages for these assays, as males courted all
females intensely (Figure S5). Because we observed a similar
enhancement of receptivity when activating all 41A01-GAL4
neurons (none of which reside in the SOG), it is unlikely that
the ectopically labeled SOGneurons observed in the intersection
are responsible for the effect. Thus, we conclude that at least a
subset of the pCd neurons function in female receptivity.
Female Receptivity Is Modulated by the Activity of pC1
Neurons
None of our dsx fragment-GAL4s labeled the pC1 neurons spe-
cifically. To examine the role of pC1 neurons in female recep-
tivity, we employed the intersection of 71G01-LexAwith dsxGAL4,
which we previously used to label and manipulate pC1 neurons
in males (Pan et al., 2012).Neuron 83, 149–163, July 2, 2014 ª2014 Elsevier Inc. 153
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Figure 3. Genetic Manipulation of pCd Neurons Alters Female Receptivity
(A) UAS-mCD8::GFP expression (green) driven by 41A01-GAL4 in the female brain and VNC, counterstained with nc82 (magenta). Arrow indicates a long neurite
bundle projecting medioventrally to the SOG. Scale bars, 100 mm in (A)–(C).
(B) LexAop2-myr::GFP expression (green) driven by 41A01-LexA in the female brain and VNC, stained with nc82 (magenta).
(C) Intersectional UAS >myr::GFP expression (green) of 41A01-LexA/LexAop2-FLP; dsxGAL4/UAS > stop >myr::GFP in female brain and VNC, stained with nc82
(magenta). Arrowhead indicates projections into the SMP.
(D) A single segmented pCd neuron was isolated from a multicolor flip-out image and registered onto a common standard brain. The cell body is indicated by a
magenta arrowhead. Scale bar, 50 mm.
(E) Inactivation of pCd neurons reduces female receptivity. For 41A01-LexA/LexAop2-FLP; dsxGAL4/UAS > stop > TNT (TNT), n = 107; for 41A01-LexA/LexAop2-
FLP; dsxGAL4/UAS > stop > TNTin (TNTin), n = 83; and for 41A01-LexA/LexAop2-FLP; dsxGAL4/+ (no TNT), n = 137. *p < 0.01 when TNT group was compared to
both TNTin group and no TNT group at the 10 min time point (chi-square test).
(F and G) Activation of pCd neurons enhances female receptivity (F). In the absence of 41A01-LexA, female receptivity is not affected (G). For 41A01-LexA/
LexAop2-FLP; dsxGAL4/UAS > stop > dTrpA1, n = 120 at 27C and n = 104 at 22C; for LexAop2-FLP/+; dsxGAL4/UAS > stop > dTrpA1, n = 107 at 27C and n = 108
at 22C. *p < 0.01 compared at 10 min time point (chi-square test).
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doublesex Neurons Regulate Female ReceptivityIntersection of 71G01-LexA and dsxGAL4 in females labeled a
majority of the pC1 neurons (6.6 ± 0.3, n = 14) and a few VNC
neurons (Figure 4A). The identity of the intersected pC1 neurons154 Neuron 83, 149–163, July 2, 2014 ª2014 Elsevier Inc.was confirmed by immunodetection of Dsx (Figures 4B–4E).
Although pC1 neurons in both sexes send projections anterodor-
sally to the lateral junction of the lateral protocerebral complex
Neuron
doublesex Neurons Regulate Female Receptivity(LPC) (Yu et al., 2010) and the SMP, there are male-specific pro-
jections that cross the midline and extend to the ventrolateral
protocerebrum and female-specific neurites that innervate the
basomedial midbrain (Figure S6; Movie S1). Using multicolor
flip-out analysis, we observed distinct projections of two individ-
ual pC1 neurons in the female brain (Figures 4F and 4G). These
two pC1 neurons send projections to both the LPC and SMP,
suggesting that pC1 neurons may mediate communication be-
tween these two regions.
We next used the intersection of 71G01-LexA and dsxGAL4 to
express TNT or TNTin in this subset of pC1 neurons in females.
Inactivation of these neurons by TNT reduced copulation in fe-
males, while expressing TNTin did not have such an effect (Fig-
ure 4H). Conversely, dTrpA1 expression in these pC1 neurons
enhanced female receptivity at 27C (Figures 4I and 4J; Table
S3). Male courtship intensity does not appear to be the source
of the differences in copulation percentages for these assays
(Figure S5). These results suggest that, in addition to pCd neu-
rons, pC1 neurons promote female receptivity.
We also asked whether activation of either the pCd or pC1
neurons could promote receptivity in very young virgins ormated
females, both of which exhibit very low receptivity to courting
males (Dickson, 2008). dTrpA1 expression in either pCd or pC1
neurons did not render very young virgins (12- to 18-hr-old) or
mated females receptive at 27C (Table S4). We infer that the ef-
fects of hormonal regulation in very young virgins and sex pep-
tide in mated females are both epistatic to the effects of either
pCd or pC1 neuronal activity.
Calcium Responses of pC1 and pCd Neurons to
Courtship Song and cVA
Given the important roles of dsx neurons in female receptivity, we
examined whether either of two male sensory stimuli, courtship
song and the male-specific pheromone cVA (Bennet-Clark and
Ewing, 1967; Dickson, 2008; Schilcher, 1976a, 1976b), could
elicit physiological responses from dsx neurons.We first focused
on the pC1 neurons, as these neurons in males overlap with the
fru P1 neurons whose projections to the LPC exhibit a calcium
response to pheromone signals (Kimura et al., 2008; Kohatsu
et al., 2011).
Wepresented courtship-relevant sensory stimuli to live females
while recording the neural activity of pC1 dsxGAL4 neurons ex-
pressing the calcium sensor GCaMP6m (Figures 5A and 5B)
(Chen et al., 2013). Presentation of either simulated pulse song
or sine song robustly induced calcium responses in the LPC pro-
jections extended by pC1 neurons, while white noise elicited no
response (Figures 5C and 5E). Furthermore, calcium responses
in the LPC region were induced by delivering cVA in an air stream
to the female, whereas very few responses were observed when
theair streamcarriedacompoundmixtureofeightodorsor lacked
any odorant (Figures 5D and 5F). It is worth noting that the excita-
tion patterns elicited by song and cVA are not identical. This may
imply that either different branches of the same pC1 neurons or
distinct pC1 neurons are recruited to process song and cVA sig-
nals. Our results suggest that pC1 neurons may regulate female
receptivity through processing song and pheromone signals.
To ask whether the response of pC1 neurons to courtship
song could be modulated by cVA, we monitored the calciumresponses to song prior to or during the presentation of cVA.
Because the air stream appeared to interfere with song recep-
tion in our set up, we presented cVA as a constant stimulus by
applying it to a filter paper beneath the fly’s body. This mode of
presentation more closely mimics the situation during actual
courtship given that male pheromones are present whenever
the male is in proximity to the female, while song is produced
intermittently. We found that the presence of cVA significantly
enhanced the response of pC1 neurons to either pulse or sine
song (Figure 6). Although these results do not distinguish
whether the enhancement is due to an increase in the calcium
response within individual neurons or to an increase in the
number of neurons that are producing a calcium response,
they are consistent with the possibility that neurons within
the pC1 cluster integrate auditory and olfactory courtship
cues.
We further asked whether pCd neurons respond to courtship
song and cVA by imaging the calcium responses of SMP projec-
tions from pCd neurons labeled by 41A01-GAL4 (Figure 5G).
Neither pulse song nor sine song were able to elicit calcium re-
sponses from SMP projections of pCd neurons (Figures 5H
and 5J). However, cVA induced significant calcium responses
in comparison to either mixed odors or the air stream alone (Fig-
ures 5I and 5K). Therefore, in contrast to the ability of pC1 neu-
rons to respond to both courtship song and cVA signals, pCd
neurons appear responsive only to cVA.
We examined whether the responses of pC1 or pCd neurons
to male courtship stimuli might correlate with the nonreceptivity
of very young virgin females. Calcium imaging indicated that pC1
neurons of very young virgins showed robust responses to both
courtship song and cVA (Figures S7A–S7D), while pCd neurons
responded only to cVA (Figures S7E–S7H), similar to the re-
sponses of receptive 5- to 7-day-old virgin females. Therefore,
the neural circuits for relaying courtship-relevant sensory stimuli
to pC1 or pCd neurons are functional even when very young vir-
gins are still unreceptive.
fru P1-Independent dsx Neural Circuitry in the Female
Brain
FruM protein is only produced in males, and its expression
pattern and functional data are consistent with FruM protein
specifying a neural circuit that controls nearly all aspects of
male courtship behavior (Demir and Dickson, 2005; Manoli
et al., 2005, 2013; Stockinger et al., 2005; Yamamoto and Koga-
nezawa, 2013). Females do not express FruM because of female-
specific alternative splicing of the fru transcripts. However, the
P1 promoter that produces the FruM-encoding transcripts is
transcriptionally active in both sexes (Ryner et al., 1996), and
the targeted insertion of GAL4 or LexA coding sequence into
the endogenous fru locus allows labeling of neurons in both
sexes (Manoli et al., 2005; Mellert et al., 2010; Stockinger
et al., 2005). Synaptic silencing of all fru P1-expressing neurons
in females has been shown to reduce receptivity and induce
postmating behaviors, suggesting that a partially shared neural
pathway underlies the distinctive reproductive behaviors of
males and females (Kvitsiani and Dickson, 2006). Therefore,
we asked whether the pCd and pC1 neurons are part of a com-
mon fru neural circuitry shared by both sexes.Neuron 83, 149–163, July 2, 2014 ª2014 Elsevier Inc. 155
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doublesex Neurons Regulate Female ReceptivityWe first examined the overlap between dsx and fru expres-
sion patterns in male and female brains by using dsxGAL4 and
fruLexA to independently drive expression of UAS-RedStinger
(nuclear RFP) and LexAop-Stinger (nuclear GFP), respectively.
dsxGAL4 and fruLexA expression colocalized in subsets of pCd,
pC1, and pC2 neuronal clusters in the male brain, but colocal-
ization was not observed in the female brain (Figures 7A and
7B). Consistent with this observation, in males most pCd neu-
rons labeled by 41A01-GAL4 also expressed fruLexA (Figure 7C),
whereas in females very few, if any, 41A01-GAL4 neurons ex-
pressed fruLexA (Figure 7D). Similarly, a number of pC1 neurons
coexpressed 71G01-GAL4 and fruLexA in males, but such coex-
pression was not observed in females (Figures 7E and 7F).
Thus, consistent with Sanders and Arbeitman (2008), dsx neu-
rons appear to be distinct from the fru circuitry in the female
brain.
To underscore this result, we used an intersectional strategy
to label only those neurons that coexpress dsxGAL4 and fruLexA.
In male brains, intensive labeling of central neurons that are
morphologically consistent with pCd and pC1 neurons was
observed (Figure 7G). However, in female brains, this strategy
labeled only projections from peripheral sensory neurons that
innervate the SOG region. Moreover, intersection between
fruLexA and 41A01-GAL4 labeled a few central neurons analo-
gous to the pCd cluster in male brains, but there was no labeling
of neurons in female brains (Figure 7H). Likewise, intersection
between fruLexA and 71G01-GAL4 labeled neurons that are
morphologically consistent with pC1 neurons in male brains
but did not label any neurons in female brains (Figure 7I). Taken
together, these results indicate that, in the central brain, dsx
neurons that modulate female receptivity are distinct from the
circuitry that expresses the fru P1 promoter.
DISCUSSION
Sexual behaviors in D. melanogaster provide an attractive
system for elucidating the architecture and functioning of the
neuronal circuitry underlying a complex innate behavior. While
most work in this system has focused on male courtship behav-
iors (Dickson, 2008; Hall, 1994; Manoli et al., 2013; Pavlou and
Goodwin, 2013; Yamamoto and Koganezawa, 2013), significant
progress has been recently made in identifying the neural sub-
strates underlying postmating female sexual behaviors (Ferveur,
2010; Ha¨semeyer et al., 2009; Reza´val et al., 2012; Yang et al.,Figure 4. Genetic Manipulation of pC1 Neurons Alters Female Recepti
(A) Genetic intersection of 71G01-LexA/LexAop2-FLP; dsxGAL4/UAS > stop >
(magenta). Scale bar, 100 mm.
(B–E) pC1 neurons labeled by 71G01-LexA/LexAop2-FLP; dsxGAL4/UAS > stop
Arrow indicates LPC projections while arrowhead indicates SMP projections. Th
(E) Merge image of (C) and (D). Scale bars, 50 mm in (B) and 10 mm in (E).
(F and G) Two pC1 neurons with different morphologies were isolated from a mult
are indicated by magenta arrowheads. Scale bar, 50 mm.
(H) Inactivation of pC1 neurons by expression of TNT reduces female receptivity
71G01-LexA/LexAop2-FLP; dsxGAL4/UAS > stop > TNTin (TNTin), n = 120; for LexA
group was compared to both TNTin group and the group lacking 71G01-LexA at
(I and J) Activation of pC1 neurons by expression of dTrpA1 at 27C increases fem
similar percentage of copulation at both temperatures (J). For 71G01-LexA/LexAo
LexAop2-FLP/+; dsxGAL4/UAS > stop > dTrpA1, n = 96 at 27C and n = 84 at 222009). Here we have focused on female premating behavior,
as assayed by measuring virgin female receptivity.
The findings that broadly silencing dsx neurons reduces
female receptivity while activating them promotes female recep-
tivity suggested that the activities of some dsx neurons promote
the female’s acceptance of a courting male. Because the brain is
the primary site of sensory processing and integration, it has
been generally accepted that neurons in the female brain would
mediate an evaluation of male courtship cues, integrate them
with other sensory cues, and determine a response to the male’s
advances (Dickson, 2008; Ferveur, 2010). Thus, the three clus-
ters of dsx neurons in the female brain, pCd, pC1, and pC2,
are candidates for performing such female-specific functions.
By genetically intersecting selected LexA-expressing lines with
dsxGAL4, we were able to specifically manipulate the activity of
subsets of these dsx neurons and assay the effects on female
receptivity.
A majority of the female pCd neurons are labeled by the inter-
section of 41A01-LexA with dsxGAL4. Manipulation of these pCd
neurons produced effects on female receptivity that paralleled
manipulation of the whole population of dsx neurons. Specif-
ically, impairing the activity of these pCd neurons prolonged
the time until the female copulated, while activating them
reduced the time until copulation. The physiological response
of the pCd neurons to the male-specific pheromone cVA would
suggest that they promote female receptivity by relaying a cVA
signal. Neurons within this subset extend projections to the
SOG and/or the SMP. The neuronal projections are largely pre-
synaptic in the dorsal SOG (Figure S8), implying that pCd neu-
rons might receive inputs from the SMP and send outputs to
the SOG. The SOG is also the destination of ascending projec-
tions from the sex peptide-responsive, ppk-expressing fru and
dsx neurons of the female reproductive tract (Ha¨semeyer et al.,
2009; Reza´val et al., 2012; Yang et al., 2009) and ascending
projections from a subset of dsx neurons in the Abg, both of
which may relay sensory information from the reproductive tract
(Reza´val et al., 2012). Thus, the outputs of the cVA-sensing pCd
neurons and the outputs of the sex peptide-sensing circuitry
of the reproductive tract might be integrated in the SOG by un-
identified downstream neurons that would then coordinate the
female’s behavioral response to male courtship.
Wewere also able to specifically label andmanipulate amajor-
ity of the female pC1 neurons via the intersection of 71G01-LexA
with dsxGAL4. Similarly to our findings for the pCd neurons,vity
myr::GFP (green) labels pC1 neurons in the female brain, stained with nc82
> myr::GFP (green) were stained with anti-Dsx (magenta) in the female brain.
e boxed region containing cell bodies in (B) is enlarged in ([C]–[E]).
icolor flip-out image and registered onto a common standard brain. Cell bodies
. For 71G01-LexA/LexAop2-FLP; dsxGAL4/UAS > stop > TNT (TNT), n = 97; for
op2-FLP/+; dsxGAL4/UAS > stop > TNT (no LexA), n = 120. *p < 0.01 when TNT
the 10 min time point (chi-square test).
ale receptivity relative to 22C (I). In the absence of 71G01-LexA, females have
p2-FLP; dsxGAL4/UAS > stop > dTrpA1, n = 199 at 27C and n = 212 at 22C; for
C. *p < 0.01 compared at the 10 min time point (chi-square test).
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Figure 5. Calcium Responses of Female pC1 and pCd Neurons to Courtship Song and cVA
(A) Schematic drawing of in vivo calcium imaging set-up. The posterior dorsal brain of a 5- to 7-day-old virgin fly is imaged for fluorescent signal changes in
response to the presented stimuli.
(B) A long neurite (arrowhead) extending from pC1 cell bodies (white dashed line) to the LPC region (yellow dashed line) in a dsxGAL4/UAS-GCaMP6m female fly is
illuminated by baseline fluorescence of GCaMP6m. Z-stack projection shown. Scale bar, 20 mm.
(C and D) Upper panels: fluorescence changes (DF/F) of GCaMP6m in the LPC projections (dashed line) from pC1 neurons in the same fly in response to auditory
stimuli (C) and olfactory stimuli (D). Pulse song, sine song, andwhite noise are presented in (C), while cVA, an odor mixture, and the air stream alone are presented
in (D). Scale bar, 20 mm. Lower panels: averaged traces of DF/F over time for corresponding stimuli. The horizontal bars below each trace indicate stimuli
durations. The black lines represent means, and the light blue envelopes represent SEM. n = 18 trials from six flies.
(legend continued on next page)
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Figure 6. cVA Sensitizes the Responses of pC1 Neurons to Courtship Song
(A) Calcium activity of LPC projections from pC1 neurons in response to pulse song in the absence (A1) or presence of cVA (A2) are shown. Scale bar, 20 mm. ([A3]–
[A4]) Averaged traces of DF/F changes before (A3) and after (A4) cVA presentation. The horizontal bars below indicate stimuli durations. The black lines represent
means, and the light blue envelopes represent SEM. n = 24 from eight flies. (A5) Peak DF/F in response to pulse song (p) before and after cVA presentation.
*p = 0.028 (paired t test). n = 8 flies for each.
(B) Calcium activity of LPC projections in response to sine song in the absence (B1) or presence of cVA (B2). Scale bar, 20 mm. ([B3]–[B4]) Averaged traces of DF/F
changes before (B3) and after (B4) cVA presentation. The horizontal bars indicate stimuli durations. n = 21 from seven flies. (B5) PeakDF/F in response to sine song
(s) before and after cVA presentation. **p = 0.002 (paired t test). n = 7 flies for each.
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doublesex Neurons Regulate Female Receptivitysilencing the intersected pC1 neurons prolonged the time until
copulation, whereas activating them reduced this time. Thus,
the activity of these pC1 neurons also promotes female recep-
tivity. We observed that these neurons extend projections to
the LPC, a brain region that relays cVA sensory information in
males (Ruta et al., 2010). Interestingly, this LPC region in males
is also targeted by projections of fru P1-expressing P1 neurons,
which exhibit a strong response to the presentation of female
contact pheromones that can be dampened by copresentation
of cVA (Kimura et al., 2008; Kohatsu et al., 2011). Although
they do not express the fru P1 promoter, a subset of the female
pC1 neurons send projections to the LPC and are responsive to
courtship song and cVA. Thus, as in males, these neurons
respond to multiple stimuli that are relevant to sexual behavior.
Based on these physiological responses, we infer that dTrpA1-
mediated activation of the pC1 neurons impacts the female’s
behavioral output by mimicking integration of courtship stimuli.
Both cVA and courtship song have been shown to affect virgin
female receptivity (Bennet-Clark and Ewing, 1967; Dickson,
2008; Kurtovic et al., 2007; Schilcher, 1976b). Moreover, isolated
females do not change their locomotion in response to simulated
courtship song, but the same songwill cause a reduction in loco-
motion when the female is courted by a wingless male that, while(E and F) Peak DF/F of LPC projections from pC1 neurons in response to each s
noise (E). cVA-evoked calcium responses compared to a mixture of eight odora
indicates p > 0.05. Error bars represent SEM. n = 18 for each.
(G) pCd neurons extend neurites innervating the SMP region (yellow dashed l
fluorescence of GCaMP6m. Z stack projection shown. Scale bar, 20 mm.
(H and I) Upper panels: fluorescence changes (DF/F) of GCaMP6m in the SMP pr
stimuli (H) and olfactory stimuli (I). Scale bar, 20 mm. Lower panels: averaged trac
trace indicate stimuli durations. The black lines represent means, and the light b
(J and K) Peak DF/F of SMP projections from pCd neurons in response to each s
*p < 0.001 (Wilcoxon rank-sum test). n.s. indicates p > 0.05. Error bars represenunable to sing, provides additional stimuli (Kowalski et al., 2004).
A similar relationship is observed when the courtship of wingless
males is supplemented by recorded song, as copulatory success
becomes dependent on the normal profile ofmale-specific cutic-
ular hydrocarbons (Rybak et al., 2002). These results support the
general view that the receptivity of a virgin female ismodulatedby
the integration of multiple stimuli. It is therefore striking that the
pC1 neurons respond to both courtship song and cVA. Whether
these neurons themselves integrate signals from these stimuli
or relay previously integrated signals is not yet known. However,
the fact that cVA can enhance the sensitivity of pC1 neurons to
courtship song suggests that integration of multiple courtship-
relevant stimuli may take place in these neurons.
The physiological responses of pCd and pC1 neurons to cVA
in conjunction with their projection patterns suggest possible in-
teractions with the cVA processing pathway in females. Recent
work has shown that female third-order aSP-g neurons receive
cVA signal inputs in the lateral horn and then project to both
the LPC and SMP (Kohl et al., 2013). Given that both pCd and
pC1 neurons project to the SMP, while the pC1 neurons also
project to the lateral junction of the LPC, we speculate that these
dsx-expressing neurons are anatomically poised to further pro-
cess cVA signals downstream of the aSP-g neurons.timulus. These projections respond to pulse song and sine song but not white
nts or air stream lacking odorant (F). *p < 0.001 (Wilcoxon rank-sum test). n.s.
ine) in a 41A01-GAL4/UAS-GCaMP6m female fly as illuminated by baseline
ojection (dashed line) from pCd neurons in the same fly in response to auditory
es of DF/F over time for corresponding stimuli. The horizontal bars below each
lue envelopes represent SEM. n = 18 trials from six flies.
timulus. The projections respond to cVA (K) but not to the auditory stimuli (J).
t SEM. n = 18 for each.
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Figure 8. Summary of the Involvement of pCd and pC1 Neurons in
Female Receptivity
(A and B) Schematic visualization of pCd (A) and pC1 (B) neurons. pCd or pC1
neurons were segmented from intersectional labeling and registered onto a
standard brain.
(C) Our results show that pC1 neurons respond to both courtship song and cVA
while pCd neurons respond to cVA. The activities of both neuronal clusters are
required for the receptivity of mature virgin females. Therefore, we propose
that pC1 and pCd neurons control virgin female receptivity by processing and
integrating courtship-relevant sensory stimuli.
Neuron
doublesex Neurons Regulate Female ReceptivityWe note that the locations of the pCd and pC1 neurons are
distinct from those brain regions that have been implicated in fe-
male receptivity based on studies of geneticmosaics. Analysis of
sex mosaics found that a region of the dorsal anterior brain must
be bilaterally female for virgin females to be receptive (Tompkins
andHall, 1983). More recently, spinstermutantmosaics revealed
that loss of spinster function in two neuronal clusters reduces fe-
male receptivity (Sakurai et al., 2013). One of these clusters com-
prises olfactory projection neurons and may correspond to the
region identified in the sex mosaic study, as its cell bodies reside
in the dorsal anterior brain (Sakurai et al., 2013). The other cluster
comprises local neurons within the SOG, a region that we found
to be targeted by the outputs of pCd neurons. Thus, both clus-
ters are positioned to relay or integrate signals from sensory
stimuli that might modulate female receptivity. We also note
that sex mosaic analysis has indicated that a female head is
required for ovipositor extrusion, regulation of oviposition rate,
and proper selection of oviposition sites (Szabad and Fajszi,
1982). Thus, additional neurons controlling these female sexual
behaviors may be awaiting identification in the brain.
We did not observe an effect on female receptivity when
manipulating subsets of pC2 neurons. Each of our lines labeledFigure 7. dsx Neurons Are Not Part of the fru Circuitry in the Female B
(A and B) Nuclei of dsx neurons, labeled by dsxGAL4/UAS-RedStinger (magenta), a
and dsx was seen in several neurons of pC1 (large arrow), pC2 (arrowhead) and
female central brain (B). Scale bars, 50 mm.
(C and D) A subset of pCd neurons labeled by 41A01-GAL4 (magenta) also expres
([C1]–[C3]). Coexpression of 41A01-GAL4 and fru
LexA was rarely seen in females
(E and F) A subset of pC1 neurons labeled by 71G01-GAL4 (magenta) also expres
([E1]–[E3]). Coexpression of 71G01-GAL4 and fru
LexA was rarely seen in females
(G and I) Intersectional expression patterns (green) of GAL4 drivers with fruLexA in
nc82 (magenta). Scale bars, 50 mm.
(G) dsxGAL4 intersection with fruLexA in male (G1) and female (G2) brains.
(H) 41A01-GAL4 intersection with fruLexA in male (H1) and female (H2) brains.
(I) 71G01-GAL4 intersection with fruLexA in male (I1) and female (I2) brains.over half of the neurons in this cluster. It may be that these neu-
rons are not involved in female receptivity. Alternatively, these
neurons may be important for female receptivity, but our manip-
ulations of a subset of these neurons was insufficient to generate
a discernable phenotype. Resolving this issue, as well as exam-
ining the possible contributions of other pCd and pC1 neurons,
will have to await the development of additional tools.
Our central finding is that specific subsets ofdsx neurons regu-
late female receptivity by processing courtship-relevant sensory
stimuli (Figure 8). We speculate that activation of these specific
neurons enhances the perceived intensity of certain male court-
ship stimuli (or the perceived weight of certain integrated stimuli)
within the context of a presumptive receptivity circuit such that
the female accepts the male more readily than she would in the
absence of neuronal activation. Conversely, silencing these
same neurons greatly prolongs the time until copulation, perhaps
by suppressing the perceived intensity of male courtship stimuli
such that the male’s performance is deemed insufficient. The
notion that courtship stimuli can have an additive effect on female
receptivity is evidenced by the study of Ewing (1964), inwhich the
mating success of males that had undergone varying degrees of
wing amputationwas found to positively correlatewith the area of
the wing. This motivated the conclusion that vibration of reduced
wings caused insufficient stimulation of the female, and thus,
wing-impaired males would have to court longer before the
female became receptive. Just as wing removal does not
completely abolish the potential for a male to be accepted by a
courted female, silencing subsets of either the pCd or pC1 neu-
rons does not completely extinguish the potential for female
receptivity. Thus, these neurons might be components of two
separate neural pathways that contribute to female receptivity,
and neither by itself is absolutely necessary for receptivity, or
theremay be additional, parallel receptivity-promoting pathways
that are not accessible by our current intersectional approach.
The three major clusters of dsx neurons in the brain, pCd, pC1,
andpC2, overlapwith fruP1-expressing neurons inmales but not
in females. Thus, the pCd and pC1 neurons in females represent
clear cases of non-fru P1-expressing neurons being part of the
circuitries that govern male and female sexual behaviors in D.
melanogaster. The only other non-fru P1-expressing neurons
that are clearly part of the circuitry for sexual behaviors are the
Gr32a gustatory receptor neurons (Fan et al., 2013). These clas-
ses of neurons are thus exceptions to the proposal that fru P1
expression labels the neuronal circuitry for sexual behaviors in fe-
males aswell asmales (Kvitsiani andDickson, 2006;Manoli et al.,rain
nd fru neurons, labeled by fruLexA/LexAop-Stinger (green). Coexpression of fru
pCd (small arrow) in males (A), whereas no coexpression was detected in the
s fru (green) in LexAop-Stinger/+; 41A01-GAL4/fruLexA,UAS-RedStingermales
of the same genotype ([D1]–[D3]). Scale bars, 10 mm.
s fru (green) in LexAop-Stinger/+; 71G01-GAL4/fruLexA,UAS-RedStingermales
of the same genotype ([F1]–[F3]). Scale bars, 10 mm.
brains of flies carrying LexAop2-FLP and UAS > stop >myr::GFP, stained with
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doublesex Neurons Regulate Female Receptivity2005; Stockinger et al., 2005). In this regard, theexpression ofdsx
in the pCd and pC1 neurons suggests a revised version of the
proposal with regard to the specification of the potential for sex-
ual behavior in Drosophila: namely, that dsx and fru P1 neuronal
expression labels the circuitry subserving sexual behaviors.
Looking forward, it remains to be elucidated (1) what the neural
pathways are that mediate song and/or cVA perception up-
stream of the pC1 and pCd neurons in females, (2) whether
pCd and pC1 neurons function sequentially or in parallel, (3)
what the neural circuits are that receive inputs from the pCd
and pC1 neurons, and (4) whether the pC2 neurons also function
in female sexual behaviors.
EXPERIMENTAL PROCEDURES
See also Supplemental Experimental Procedures.
Fly Stocks
Molecular coordinates for the dsx locus fragments and additional information
for the transgenic lines are in Table S5. See Supplemental Experimental pro-
cedures for detailed information on fly stocks.
Immunostaining and Image Registration
Adult fly brain and VNC samples were dissected in PBS, fixed in 4% parafor-
maldehyde in PBS, blocked with 5% normal goat serum, sequentially stained
with primary and secondary antibodies, and then mounted for imaging. Both
GFP and DsRed were detected by immunostaining. Multiple nc82-stained
brains were averaged to generate a standard brain onto which confocal im-
ages were registered using CMTK software. See Supplemental Experimental
Procedures for a detailed protocol and list of antibodies used.
Behavioral Assays
Females and naivemaleswere anaesthetized on ice and separately introduced
into the upper and lower layers of a cylindrical two-layer courtship chamber
(diameter: 10 mm; height of each layer: 3 mm) in which the layers were
separated by a removable transparent film. Flies were allowed to recover for
1 hr at 22C. Courtship chambers containing flies were then placed at the
appropriate control (22C) or experimental temperature for 15 min before
starting the test. The transparent film separating the two flies was then
removed and behaviors were videotaped for 30min. See Supplemental Exper-
imental Procedures for further details.
Calcium Imaging and Presentation of Auditory and Olfactory Stimuli
Flies were briefly anesthetized on ice and positioned into a cassette that al-
lowed dissection of the cuticle from the dorsal brain and imaging of neuronal
fluorescence. Pulse songwas generated with a 220Hz fundamental carrier fre-
quency and a 35 ms interpulse interval (IPI) via Matlab. A 140 Hz sine song and
white noise were generated with Audacity software. Odorants were presented
via an air stream positioned 3 cm from the antenna. For simultaneous presen-
tation of cVA and courtship song, a piece of filter paper was suspended
underneath the fly’s body to serve as a substrate for the application of cVA.
See Supplemental Experimental Procedures for a detailed protocol.
Statistical Analysis
Statistical analysis was carried out with Matlab software. Chi-square tests
were performed to compare two different groups at different time points in
the female receptivity assay. Wilcoxon rank-sum tests were performed to
test significance between different groups in calcium imaging experiments.
Paired t tests were used to compare the song responses of pC1 neurons
before and after cVA application.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, five tables, one movie, and
Supplemental Experimental Procedures and can be found with this article
online at http://dx.doi.org/10.1016/j.neuron.2014.05.038.162 Neuron 83, 149–163, July 2, 2014 ª2014 Elsevier Inc.ACKNOWLEDGMENTS
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